Thus it remains critical to determine the three-dimen- § Present address:
to provide insight into how this subset of molecules all of the NMR experiments for assignment and structure calculations were performed at 45ЊC with increased efmediates cell death rather than survival. Multiple models have been postulated to account for their prodeath acfective resolution. Backbone and side-chain assignment was carried out using both the CBCA (Grzesiek and tivity. The characteristics of "BH3 domain only" molecules suggest they may serve as death ligands, sensors Bax, 1993) and NOE (Wü thrich, 1986) based assignment strategies. Some residues at the unstructured N termithat receive death signals in the cytosol and translocate to membranes where they bind to either active or inacnus (residues M1-S2) and in a large flexible loop (residues R31-E33, E52-Q56, and N68-G70) were not astive BCL2 members, serving as receptors (Wang et al., 1996) . An alternative theory of displacement holds that signed. Also, the correlations for several residues found in loops were obtained primarily from the CBCA-based these proapoptotic molecules might displace Apaf1 from the BCL-X L pocket to activate a caspase cascade assignment approach, as line broadening from chemical exchange made assignment of individual amide NOEs (Chinnaiyan et al., 1997). p15 tBID's role as an integral membrane protein raises the possibility that it might difficult. Three sets of triple-resonance experiments (described in Experimental Procedures) were used to define also play a role as a pore former (Antonsson et al., 1997; Schlesinger et al., 1997). Moreover, while the "BH3 the backbone assignments. Additionally, extensive sets of experiments were performed to analyze BID dynamics domain only" molecules have a short sequence homology in the BH3 motif, it is essential to delineate the other and hydrodynamics. The structure of the BID protein was defined based on parts of the molecular structures. Here we report the solution structure of BID using NMR spectroscopy, pro-‫0071ف‬ NMR-derived distance constraints. This included 1350 structurally relevant NOE-based constraints, 275 viding the structure of a proapoptotic BCL2 family member and offering insight into the structural basis of the dihedral angle constraints measured from J-coupling constants and local bond geometry (Guntert et al., 1991), proapoptotic function of the BCL2 family death agonists. Based on sequence/structure similarity or dissimilarity and constraints from 56 hydrogen bonds implied by hydrogen-deuterium exchange experiments and local to BID, the mechanisms of other proapoptotic family members are proposed, illustrating a fold class including secondary structure. This corresponds to an average density of ‫51ف‬ constraints per residue in all regions of both p22 BID and the previously determined BCL-X L structure (Muchmore et al., 1996; Sattler et al., 1997).
secondary structure. The structural changes caused by removing the N terminus to produce p15 tBID suggest a mechanism for Structure Description of BID proapoptotic activity of these family members.
The three-dimensional structure of BID consists of eight ␣ helices arranged in three layers (Figure 2 ). Two central hydrophobic helices (␣F and ␣G) are surrounded by amResults phipathic helices on either side. There is a large disordered loop between helices B and C; analysis of backStructure Determination of BID The structure of the full 22 kDa BID protein (residues bone dynamics (S 2 values in Figure 1) gives a direct measure of flexibility and confirms the conformational 1-195) was determined using heteronuclear NMR spectroscopy. Initial 1 H-
15
N HSQC maps showed a high demobility of the region. The C-terminal helix (␣H) has welldefined local structure, but no long-range NOEs are gree of spectral overlap at low temperatures. Since the BID protein was found to be exceptionally thermostable, observed, so the helix is poorly defined relative to the Having solved the BID structure, we asked what general conclusions could be drawn for sequence/structure relationships within the BCL2 family. We performed priStructural Comparison Visual inspection clearly places the BID structure in the mary sequence alignments for family members belonging to the different BCL2 subfamilies. Because primary SCOP classification fold class of toxins' membrane translocation domains (Murzin et al., 1995) . Despite the sequence analysis had failed to predict any structural similarity between BID and BCL-X L outside of the BH3 very low sequence homology between the two molecules, the overall tertiary fold derived for BID is similar motif (Wang et al., 1996 ; Adams and Cory, 1998), we also performed predictions of secondary structure for to that observed for the BCL-X L structure ( al., 1998). We suggest that the marked change in tBID surface electrostatics and hydrophobic exposure is likely the driving force in tBID membrane localization and subChange in Surface Character between BID and tBID Caspase 8 cleavage results in marked changes in the sequent membrane insertion. Minor BID cleavage products of p13 and p11 fragcharacter of BID surfaces. Changes in hydrophobic exposure and surface charge likely contribute to the rapid ments are noted following TNF and FAS activation. While p15 BID appears to be cleaved in the cytosol and transchange in cellular distribution for the BID molecule observed upon cleavage. The cleavage event results in the locates to mitochondria, the p13 and p11 BID fragments are only observed in mitochondria as integral membrane exposure of Ͼ200 Å 2 of previously buried surface area (compare Figures 5c and 5d) . The composition of surproteins. This suggests the p13 and p11 cleavages might be generated following integration and appear to face-exposed residues in the p22 and p15 isoforms are considerably different. In addition to the change in surbe mediated by caspase(s) other than Caspase 8 (Gross et al., 1999). Of note, the p13 cleavage site at D75 also face hydrophobicity, the electrostatic character of the BID molecule changes markedly upon cleavage by Casresides in the flexible loop and would retain the BH3 domain, whereas the p11 site at D98 would release the pase 8. The net charge of the molecule changes from Ϫ13 in the p22 molecule to Ϫ4 in the p15 product. A BH3 domain (Figure 3a) . This suggests a model consistent with the predicted structure of p15 BID (Figures 5 striking difference can be seen in comparing the surface 
